





Liang, J. et al. (2017) A Physics-based Investigation of Pt-salt Doped Carbon Nanotubes 
for Local Interconnects. In: 2017 IEEE International Electron Devices Meeting (IEDM), 
San Francisco, CA, USA, 02-06 Dec 2017, 35.5.1-35.5.4. ISBN 9781538635599. 
 
   
There may be differences between this version and the published version. You are 















































$EVWUDFW—:H LQYHVWLJDWH E\ FRPELQLQJ SK\VLFDO DQG
HOHFWULFDOPHDVXUHPHQWV WRJHWKHUZLWK DQ DWRPLVWLFWRFLUFXLW
PRGHOLQJ DSSURDFK WKH FRQGXFWDQFH RI GRSHG FDUERQ
QDQRWXEHV &17V DQG WKHLU HOLJLELOLW\ DV SRVVLEOH FDQGLGDWH
IRU QH[W JHQHUDWLRQ EDFNHQGRIOLQH %(2/ LQWHUFRQQHFWV
$ELQLWLR VLPXODWLRQV SUHGLFW D GRSLQJUHODWHG VKLIW RI WKH
)HUPL OHYHO ZKLFK UHGXFHV VKHOO FKLUDOLW\ YDULDELOLW\ DQG
LPSURYHV HOHFWULFDO FRQGXFWDQFH XS WR  E\ FRQYHUWLQJ
VHPLFRQGXFWLQJ VKHOOV WR PHWDOOLF &LUFXLWOHYHO VLPXODWLRQV





6HPLFRQGXFWRU LQGXVWU\ UHTXLUHV IDVW GHQVH DQG KLJK








ERXQGDULHV DQG OLQH HGJH URXJKQHVV FDXVH WKH HIIHFWLYH
UHVLVWLYLW\WRLQFUHDVHUDSLGO\>@DOVRVKRZQLQ)LJ>@
,QFUHDVH LQ UHVLVWLYLW\ RI &X OLQHV ZLOO LQHYLWDEO\ FDXVH
SHUIRUPDQFH GHJUDGDWLRQ DV WLPH GHOD\ LV GRPLQDWHG E\
UHVLVWDQFHDQGFDSDFLWDQFH5DQG&
$WRPLFDOO\WKLQEDOOLVWLFWUDQVSRUWODUJHHOHFWURQ0)3DQG
KLJKO\ FRQGXFWLYH FDUERQ EDVHG PDWHULDOV VXFK DV FDUERQ
QDQRWXEHV&17VSURYLGHFRPSHOOLQJDGYDQWDJHVIRUWKHQH[W
JHQHUDWLRQ RI RQFKLS LQWHUFRQQHFWV >@ &17V DUH DOVR
HQYLVLRQHG DV RQH RI WKH IXWXUH PDWHULDOV IRU DGYDQFHG
WHFKQRORJ\QRGHEDVHGRQ,5'6UHSRUW >@ ,Q WKLVSDSHUZH
SUHVHQW 3WVDOW GRSHG&17V DV D YLDEOH VROXWLRQ WR HQKDQFH
&17 FRQGXFWLYLW\ FRQWURO FKLUDOLW\ YDULDWLRQ DQG LPSURYH




YDULDWLRQV RQ UDQGRP FKLUDOLW\ DQG VKHOO YDULDELOLW\ LQ
0:&17V 'RSLQJ VKLIWV PDWHULDO )HUPL/HYHO WKXV
HQKDQFLQJ PHWDOOLF SURSHUWLHV IRU VHPLFRQGXFWLQJ WXEHV DQG
UHGXFLQJ PHWDOOLF WXEHV UHVLVWLYLW\ E\ LQWURGXFLQJ DGGLWLRQDO
HOHFWURQWUDQVSRUWFKDQQHOV
$ $WRPLVWLFPRGHO')7FDOFXODWLRQ
:H KDYH SHUIRUPHG WKH'HQVLW\ )XQFWLRQDO7KHRU\ ')7
VLPXODWLRQV ZKLFK LV LPSOHPHQWHG LQ $WRPLVWL[ 7RRO .LW
$7. >@ WR LQYHVWLJDWH WKH HOHFWULFDO SURSHUWLHV RI 3WVDOW
GRSHG&17V7KHJHQHUDOL]HGJUDGLHQWDSSUR[LPDWLRQ**$
LVDSSOLHGIRUWKHH[FKDQJHFRUUHODWLRQHQHUJ\IXQFWLRQDO:H















0:&17 VKHOOV KDYH GLIIHUHQW QXPEHU RI FRQGXFWLQJ
FKDQQHOVGXHWRVKHOOFKLUDOLW\YDULDELOLW\:HLQWURGXFHGRSLQJ
HQKDQFHPHQW IDFWRU 1F – DYHUDJH QXPEHU RI FRQGXFWLQJ
FKDQQHOV SHU VKHOO – WR UHSUHVHQW D FRQWURO RI FKLUDOLW\
YDULDELOLW\DVNQRZQWKDWGRSLQJZLOOFRQYHUWVHPLFRQGXFWLQJ
VKHOOV LQWR PHWDOOLF SURSHUWLHV 2QHFKDQQHO FRQGXFWLYLW\ LV
JLYHQ E\ *FKDQQHO   *  //0)3 * LV TXDQWXP
FRQGXFWDQFH~NΩ/0)3LVXVHGIRUPHWDOOLF&17>@
&17KDVTXDQWXP&4DQGHOHFWURVWDWLFFDSDFLWDQFH&(>@
4XDQWXP FDSDFLWDQFH SHU FKDQQHO   &4 FKDQQHO LV JLYHQ DV





50: 1F∙ 1V∙ *FKDQQHO
&0: 1F1V&4BFKDQQHO∙&(1F1V&4BFKDQQHO&(≈ &(
1XPEHU RI VKHOOV 1V LV GHULYHG DV GLDPHWHU EDVHG RQ
H[SHULPHQWDOVWDWLVWLFDOPHDVXUHPHQWV)LJVKRZVWKH&17
conductivity variation for a 7nm diameter MWCNT for lengths 
up to 10 μm while varying Nc. The doped CNTs have higher 
conductance than pristine CNTs and Cu lines (32, 22 and 14 
nm). We notice that conductance of pristine CNTs becomes 
advantageous to Cu lines for lengths beyond 3 μm. With 
doping, CNTs become advantageous at even shorter lengths, 
which indicate the suitability of doped CNTs for local short 
on-chip interconnects where Cu line performance is 
significantly degraded due to surface scattering. In )LJ 
UHVLVWDQFH DQG FDSDFLWDQFH FKDQJH ZLWK GRSLQJ IRU D  QP
GLDPHWHU0:&17 LV VKRZQ ZKHUH XS WR  UHGXFWLRQ LV
REWDLQHG ZLWK 1F  7KH UHVLVWDQFH UHGXFWLRQ SURYHV WKH
GHFUHDVH RI &17 VKHOO FKLUDOLW\ YDULDELOLW\ GXH WR GRSLQJ




7R IXUWKHU DQDO\]H WKH LPSDFW RI GRSHG &17V RQ ORFDO
LQWHUFRQQHFW ZH FRPSXWH WKH GHOD\ UDWLR IRU 0:&17V
GLDPHWHUWRQPOHQJWKQPWRμPDQG1FWR
UHSUHVHQWLQJ OLJKW WRKHDYLO\GRSHG&17VVKRZQLQ)LJ 
2YHUDOO ZH REVHUYH WKDW GRSLQJ LPSURYHV VLJQDO GHOD\ $V
&17 GLDPHWHU JHWV ODUJH GRSLQJ EHFRPHV OHVV HIILFLHQW DV
DOUHDG\ODUJHGLDPHWHU&17VKDYHPHWDOOLFSURSHUWLHV)LJ





FKHPLFDO YDSRU GHSRVLWLRQ &9' XVLQJ LURQ FDWDO\VW DQG







E\SUHFLVHO\ WXQLQJ WKHTXDQWLW\RIFDWDO\VW WKHQDWXUHRI WKH
FDWDO\VW VXSSRUW DQG &17 JURZWK SDUDPHWHUV 7\SLFDOO\ WKH
JURZWK RI LQGLYLGXDO 0:&17 FDQ EH DFKLHYHG RQ
DOXPLQRVLOLFDWHVXSSRUWZLWKQPWKLFNLURQFDWDO\VWLIWKHKROH
GLDPHWHU LV OHVV WKDQ  QP )LJ  )LJ  GLVSOD\V 7(0
LPDJHV RI LQGLYLGXDO &17V JURZQ IURP YLD KROHV ZLWK D
GLDPHWHURIQP,WDOVRVKRZVWKHGLVWULEXWLRQRI&17
GLDPHWHUQPQPDQGQXPEHURIVKHOOVPRVWO\DQG
ZDOOV&17V JURZQ RQ PPZDIHUV DUH SURFHVVHG XVLQJ
$,;7521%07 V\VWHP 7KH&17JURZWKRFFXUV LQD
FROG ZDOO UHDFWRU XVLQJ D YHUWLFDO JDV IORZ GLVWULEXWHG YLD D








HQVXUHKLJK&17ILOOLQJ UDWH RI7KLV ILOOLQJ UDWH LV QRW
DEVROXWHEXWFRXOGYDU\ZLWK3W&OFRQFHQWUDWLRQDQGGHQVLW\
RI &17V )LJXUH  D VKRZV +$$')7(0 LPDJH RI WKH
&17RSHQHGZLWKR[\JHQSODVPDSURFHVVDQGGRSHGZLWK3W
&O QHWZRUN RI GRSDQWV 7KH WKUHH GLIIHUHQW &17V DUH




&17V LV GXH WR SDUWLDO DPRUSKL]DWLRQ LQGXFHG E\ SODVPD
WUHDWPHQW %DVHG RQ WKHVH UHVXOWV D GHGLFDWHG SURFHVV IORZ
VKRZQ LQ )LJV  IRU FRQWDFW IDEULFDWLRQ DQG LQWHUQDO
GRSLQJRILQWHJUDWHG&17ZDVGHYHORSHG
(/(&75,&$/0($685(0(176




 7ZRSRLQWSUREH FXUUHQWYROWDJH FKDUDFWHULVWLFV ZHUH
V\VWHPDWLFDOO\ UHFRUGHG WR H[WUDFW WKH HOHFWULFDO UHVLVWDQFH
&17UHVLVWDQFH&173GVLGHFRQWDFWUHVLVWDQFH)LJD
GLVSOD\V WKH PHDVXUHG UHVLVWDQFH DV D IXQFWLRQ RI WKH &17
OHQJWK,W LVREVHUYHGWKDWUHVLVWDQFHJHQHUDOO\LQFUHDVHVZLWK
&17 OHQJWK LQ WKH  P UDQJH ZKLFK LV H[SHFWHG IRU
GLIIXVLYH WUDQVSRUW LQ &9'JURZQ KHQFH GHIHFWLYH &17V
+RZHYHUDODUJHVFDWWHULQWKHGDWDLVREVHUYHGWKXVUHYHDOLQJ
YDULDELOLW\ LQ 0:&17 FRQGXFWLYLW\ DQG FRQWDFW UHVLVWDQFH
7KH RULJLQ RI WKH YDULDELOLW\ PD\ EH WKH YDULDELOLW\ LQ WKH
GLDPHWHU QXPEHU RI VKHOOV RI HDFK &17 FI )LJ  WKH
UDQGRPUHSDUWLWLRQRIPHWDOOLFYHUVXV VHPLFRQGXFWLQJVKHOOV
WKHSUHVHQFHRIGHIHFWVRUYDULDELOLW\LQWKHFRQWDFWIDEULFDWLRQ
WHFKQRORJ\$VVXPLQJ WKHPHDVXUHG UHVLVWDQFH LV GRPLQDWHG
E\ WKHUHVLVWLYLW\RI0:&17 OLQHDU UHVLVWDQFH LVFRPSULVHG
EHWZHHQ  DQG  NΩP  HQYHORSH 3UHOLPLQDU\
HOHFWULFDO UHVXOWV RI GRSHG&17V E\3W&OZHUH REWDLQHG E\
XVLQJ H[WHUQDO GRSLQJ RI VLGHFRQWDFWHG VLQJOH &17
LQWHUFRQQHFWV )LJ E GLVSOD\V WKH PHDVXUHG OLQHDU
UHVLVWDQFHUHVLVWDQFHGLYLGHGE\&17OHQJWKIRUWKHVDPHVHW
RI&17VEHIRUHDQGDIWHUH[WHUQDOGRSLQJ,WLVREVHUYHGWKDW





LQWHUFRQQHFWV %\ FRPELQLQJ DWRPLVWLF WR FLUFXLWOHYHO
VLPXODWLRQDQGPHDVXUHPHQWUHVXOWVZHH[SODLQWKHLPSDFWRI
GRSLQJ RQ HQKDQFLQJ 0:&17 PHWDOOLF SURSHUWLHV %RWK
H[SHULPHQWDOGDWDDQGVLPXODWLRQVVKRZWKDWWKH3W&OVROXWLRQ
UHSUHVHQWV DQ HIILFLHQW GRSLQJ VWUDWHJ\ WR LPSURYH0:&17
SHUIRUPDQFH DQG UHGXFH WKH LQWULQVLF VWDWLVWLFDO YDULDWLRQ
DVVRFLDWHG ZLWK FKLUDOLW\ DQG GLDPHWHU IOXFWXDWLRQV 7KLV
UHSUHVHQWVDPLOHVWRQHUHVXOWZKLFKFRXOGHQDEOHWKHVXFFHVV










GHSRVLWLRQ WR WULP WKH KROH GLDPHWHU F 'LUHFWLRQDO (EHDP









࡯ࡽିࡹࢃ࡯ࡺࢀ = ࡸࡺ࢙ࡺࢉ࡯ࡽ ૚ିࢉࢎࢇ࢔࢔ࢋ࢒
࡯ࡱ = ૛࣊ࢿ/࢒࢔(ࡴ/ࡰ࢓ࢇ࢞)











D increasing, delay ratio decreasing  

















Doping enhancement factor Nc


























CNT length  μm
7 nm MWCNT conductivity 
7DEOH6XPPDU\RI()shift of DWCNTs. ‘M’ 
and ‘S’ indicate the metallic and semiconductor of 














IURP  WR 0:&17VZLWK'   QP DQG
/ QPP'RSLQJUHGXFHVGHOD\UDWLRRI
DQGIRU' QPDQGQP:LWK
















Nc varies 1-5; D varies 5-10nm
Delay ratio variation with different type of doped CNTs
L=10nm L=100nm L=1um L=10um L=100um







Nc varies 1-5; D varies 5-10nm









)LJ  &RPSDULVRQ RI WKH
IRUPDWLRQ HQHUJ\ ܧ௙௢௥௠ IRU
WKH 3W&O GRSHG &17
*UH\ZKLWHDQGJUHHQVSKHUHV




ܧ௙௢௥௠ = -10.28 eV
ܧ௙௢௥௠ = -16.48 eV ܧ௙௢௥௠ = -17.11 eV






































$XWKRUV ZRXOG OLNH WR DFNQRZOHGJH + &211(&7
(XURSHDQSURMHFW7KLVSURMHFWKDV UHFHLYHGIXQGLQJIURPWKH
European Union’s Horizon 2020 research and innovation 
SURJUDP XQGHU JUDQW DJUHHPHQW 1R 
KWWSZZZFRQQHFWKHX















































)LJ 6WDWLVWLFDO GLVWULEXWLRQ RI WKH GLDPHWHU DQG
QXPEHU RI VKHOOV RI LQGLYLGXDOO\ JURZQ &17V IURP
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CNT line length (μm)

)LJ3URFHVVIORZIRULQWHUQDOO\GRSHGHQGFRQWDFWHGVLQJOH&17LQWHUFRQQHFWOLQHD6LQJOH&17JURZQIURPYLD
KROHDQGIOLSSHGGRZQRQWKHVXUIDFHE3KRWROLWKRJUDSK\WRSDWWHUQWKHFRQWDFWSDGVF3ODVPDHWFKLQJRI&17IROORZHG
E\GLSSLQJLQ3W&OVROXWLRQWRLQWURGXFHGRSDQWLQVLGHWKH&17G3K\VLFDOYDSRUGHSRVLWLRQRI3G$XFRQWDFWPHWDO
VWDFNH&RQWDFWSDGIDEULFDWLRQE\OLIWRII7KHVDPHSURFHVVIORZLVXVHGWRIDEULFDWHVLGHFRQWDFWHG&17LQWHUFRQQHFW
E\VXSSUHVVLQJVWHSF([WHUQDOGRSLQJRI&17LVDFKLHYHGE\GLSSLQJWKHVDPSOHDIWHUVWHSHLQWKHGRSDQWVROXWLRQ

)LJ6(0LPDJHVRIHOHFWULFDOO\FRQQHFWHGLQGLYLGXDO
0:&17ZLWKDVLGHDQGEHQGFRQWDFWVPDGHRXWRI3G
QPDQG$XQP
